Marder and Calabrese, 1996). In these cases, rhythmic Sinsheimer Laboratories activity of the pacemaker neurons depends on the intrinUniversity of California sic electrical properties of these cells as well as on Santa Cruz, California 95064 synaptic interactions among the neurons. Biological clocks are distinguished from simple rhythms in that they possess certain attributes in addition to a Summary fixed period. Specifically, the timing of a particular rhythm may be said to be controlled by a clock if it The C. elegans defecation cycle is characterized by remains constant in the absence of environmental cues, the contraction of three distinct sets of muscles every if it is unaffected by changes in temperature, and if the 50 s. Our data indicate that this cycle is regulated phase of the period can be synchronized (entrained) by by periodic calcium release mediated by the inositol environmental stimuli (Edmunds, 1988; Dunlap, 1993) .
Introduction
The cells that control the defecation cycle are unknown. Laser ablation experiments identified two motor Rhythmic behaviors are widespread among species, neurons, AVL and DVB, that are required for the execuand the time scale of these rhythms ranges from section of the anterior body contraction and the enteric onds to years. These behaviors depend on an endogemuscle contraction (McIntire et al., 1993) . These data nous timekeeping mechanism to set the frequency of the suggested that a neuronal circuit might function as a rhythm. For example, the well-characterized circadian central pattern generator similar to that of other ultradian clocks of insects, plants, and mammals are based on behavioral rhythms (Iwasaki et al., 1995; Iwasaki and the oscillation of gene and protein products in synchrony Thomas, 1997) . For the following reasons, however, it with 24 hr cycles of light and darkness (for a review, see is unlikely that a neuronal central pattern generator conDunlap, 1999). The mechanisms regulating biological trols the defecation cycle. First, extensive laser ablations rhythms with cycle frequencies shorter than a day (ultraof neurons did not affect either the posterior body condian rhythms) are not as well understood. Pharmacologitraction or the cycle time (E. M. J. and H. R. Horvitz, cal and electrophysiological studies indicate that there unpublished data). Second, mutations that disrupt neuare two general mechanisms regulating these faster rotransmission also have no effect on the posterior body rhythms: cell-intrinsic oscillations in membrane potencontraction and do not eliminate the cycle (P. D. S. and tial or multicellular pattern generators (Marder and Cala-E. M. J., unpublished data). Together, these observabrese, 1996). For example, the vertebrate heartbeat is tions suggest that nonneuronal cells keep time and actian ultradian rhythm in which the rate of muscle contracvate the posterior body contraction at the start of each tion is set by oscillations of the membrane potential in cycle. pacemaker neurons. At the molecular level, the changes To identify the genes required for maintaining normal in the membrane potential of these cells are driven by rhythm, Iwasaki et al. (1995) screened for mutants with interactions among voltage-sensitive K ϩ , Na ϩ , and Ca 2ϩ abnormal defecation cycle times. Thirteen dec (defecachannels (Giles et al., 1986) . Alternatively, behaviors with tion cycle defective) genes were identified in the screen, and the mutant phenotypes fell into two classes, termed dec-short and dec-long. As the names imply, dec-short § To whom correspondence should be addressed (e-mail: jorgensen@ bioscience.utah.edu).
mutations confer a shortened cycle time (25-40 s), while tein involved in regulating intracellular calcium levels. In C. elegans, IP 3 receptor expression in the intestinal cells this interval lies the dec-4 gene, which is represented is necessary and sufficient to provide normal behavioral by a single allele, sa73. dec-4(sa73) was previously isorhythms. In addition, we demonstrate that calcium oscillated in a screen for mutations with altered defecation lations occur in the intestine with peak calcium levels cycle times (Iwasaki et al., 1995 We cloned the dec-4 gene using standard transformaFurther analyses demonstrated that n2559 is a strong tion rescue techniques. A single cosmid, R06H2, resallele of the previously identified dec-4 gene. First, we cued the defecation cycle phenotype of sa73 and n2559 mapped the n2559 allele to a small interval between lin-45 and unc-24 on chromosome IV (Figure 2A) . Within ( Figure 2A ). Rescuing activity of the n2559 allele was we determined the structure of the itr-1 cDNA. The itr-1 cDNA includes the SL1 trans-spliced leader sequence cues the defecation cycle and fertility defects of n2559 but not the slow development. To confirm that we had at the 5Ј end and 32 exons spanning a 15.5 kb genomic region encoding a 2847 amino acid protein ( Figure 2B ). cloned the correct gene, we sequenced the genomic DNA of the n2559 and sa73 alleles. Both mutations are
The dec-4 locus has also been referred to as itr-1/lfe-1 sions were occasionally observed during routine manipulations of this strain; however, these were rare and were likely to be caused by simple pressure in the intesto adulthood in 3 days and produce about 300 progeny tine, since no muscle contractions were associated with on average. itr-1(n2559) mutants develop to adulthood the expulsion (Thomas, 1990). Other behaviors are norin about 5 days and are sterile. itr-1(sa73) mutants demal in this strain. The animals actively forage, the pharvelop to adulthood in 3.5-4 days and have a reduced ynx pumps in the presence of food, and locomotion is brood size (121 Ϯ 9) compared to the wild type (287 Ϯ comparable to wild-type animals of the same age. These 6; Figure 4B ). Analysis of n2559 mutants reveals that observations suggest that muscle contraction is normal fertility may be sensitive to itr-1 gene dosage. n2559/ϩ but that timing is specifically impaired, since a defecaheterozygotes have a reduced brood size (120 Ϯ 8), as tion cycle is never initiated. Second, the weak sa73 allele do stDf7/ϩ deficiency heterozygotes (125 Ϯ 43) (Clanconfers a slow but regular cycle period. Figure 5D ). In addition, the IP 3 receptor is for cycle timing. We identified a total of 35 mosaic animals, including 27 Dec mosaic animals and 8 non-Dec expressed in hypodermal cells of the tail, rectum, and head. Pharyngeal expression is restricted to the muscles mosaic animals ( Figure 6 ). Loss of the array from the AB blastomere that gives rise to most neurons did not of the metacorpus, isthmus, and the anterior portion of the terminal bulb (m4, m5, and m6). Surprisingly, this result in Dec animals (mosaic class m; see Figure 6 for details of mosaic classes). This lack of a role for neurons construct was only expressed in two neurons ( Figure  5A ). In mammalian cells, IP 3 receptors display a more is consistent with our ablation studies and with the itr-1::GFP expression pattern. Loss of the array from the P 1 ubiquitous expression pattern, with highest levels in neurons, particularly in cerebellar Purkinje cells (Ferris blastomere, on the other hand, resulted in Dec animals (classes a, e, and f). This lineage can be further subdiand Snyder, 1992). It is possible that our fusion gene lacks a genomic regulatory element important for gene vided, and we observed that losses in MS and P 2 that give rise to body wall muscles, some epidermal cells, expression in neurons. However, neither n2559 nor sa73 mutants display locomotory defects. This lack of neuthe somatic gonad, and germline do not result in Dec animals (classes n and o). All animals with losses in EMS ronal expression supports our previous observations that the cycle timing is not likely to be regulated by a or its daughter cell E, which gives rise exclusively to gut, were Dec ( shown in Figure 7A , the tail of the animal was slightly mobile, allowing us to clearly observe the posterior body monitored calcium changes in the intestinal cells of living animals.
contractions that followed each calcium peak. In addition, posterior body contractions were observed using First, we observed calcium spikes in the intestine of wild-type animals. We injected the calcium-sensitive transmitted light following data collection, and the timing of the contractions remained in phase with the timing dye fura-2 into one of the two most posterior intestinal cells of adults. In eight animals that survived the injecof the calcium peaks (pBocs e, f, and g). Figure 7B shows fluorescence micrographs of the tail in a series of four tion, immobilization, and imaging procedures, calcium rises occurred in the injected cell. These rises in calcium sequential images corresponding to the time points near peak b. In the first image, the tail is at rest. This is were unlikely to be due to movement artifact, since the -1(sa73) . Images were collected as described for the wild type. An arrow indicates that an enteric muscle contraction (Emc) was observed after imaging. (D) itr-1(n2559) mutants lack calcium spikes as well as posterior body contractions. followed about 2 s later by an increase in calcium visible contractions ( Figure 7C ). We did not detect any calcium oscillations in the strong allele n2559 ( Figure 7D) . We in the second image. In the third image, the posterior body muscles contract, and finally, in the fourth image, observed six n2559 animals for a period of 5 min each and recorded no calcium spikes. In each case, the animals the tail returns to its original resting position.
As expected, the calcium oscillations were slowed or were still alive and feeding at the end of the experiment. Taken together, these data demonstrate that calcium absent in the itr-1 mutants. In the weak mutant, sa73, the average period between the calcium peaks was slow oscillations in the intestine occur just prior to the initiation of each defecation cycle, consistent with our model (80.3 Ϯ 6.1 s) compared to the wild type (44.4 Ϯ 2.5 s), and the peaks were in synchrony with the posterior body for the role of IP 3 receptor function in the intestinal cells. slides were scored before imaging to confirm the health of the animals.
Mosaic Analysis of itr-1
Ratio measurement of intracellular calcium was performed using We used the strain EG1394 ncl-1(e1865); itr-1(n2559); oxEx75 [itrMetaFluor software (Universal Imaging). Worms were imaged using 1(ϩ) ncl-1(ϩ) sur-5::GFP] to isolate itr-1 genetic mosaics. EG1394 a 40ϫ Nikon objective on a Nikon Diaphot inverted microscope. was generated by injecting itr-1(n2559)/unc-24(e138) lin-45(n2018);
Alternate excitation every 1.6-3 s at 340 nm and 380 nm wavelengths ncl-1(e1865) heterozygotes with R06H2, the cosmid C33C3 that reswas performed using a Lambda-10 Filter Wheel Controller (Sutter cues the ncl-1 phenotype (Miller et al., 1996) , and the sur-5::GFP Instruments). Excitation light was provided by a 75W Nikon Xenon plasmid pTG96 that causes expression of GFP in the nuclei of most lamp. Emitted light was collected through a dichroic mirror and 510 somatic cells (Yochem et al., 1998) . Animals of this strain were nm interference filters. Images were captured by a cooled CCD phenotypically wild type and segregated Ncl animals that had lost camera. the array and were constipated due to defecation cycle defects (Dec). We picked constipated Dec animals from EG1394 and
